2
Introduction signal). More detailed feedback and/or more stringent speed and accuracy requirements 149 concerning the subject's voluntary center-out movements was thought unnecessary for the 150 purposes of the current study. The main reason for performing the kinematic learning task was 151 to place the subjects in the different visuomotor adaptation states (i.e., Figure 1C ). In other 152 words, the subjects are assumed to be e.g., in a 'baseline' state during the 'baseline' stage of 153 the task. After receiving feedback regarding their center-out movement, the subjects were then 154 free to return to the start-point to initiate the next trial. There was no time limit associated to this 155 return movement, so the overall task was essentially self-paced. A block of such trials required 156 movement to one of each of the eight target locations (blocked-randomized presentation). As 157 commonly the case, the first three blocks of trials in this process are referred as belonging to a 158 'baseline' stage ( Figure 1C ). Just after these first three blocks of trials were finished (i.e., on trial 159 25), a 45 counter-clockwise rotation of cursor direction was suddenly applied. This visual 160 distortion remained for another 6 blocks of trials, and was then suddenly removed just before the 161 onset of trial 73. The former three blocks (blocks 4-6) are referred to as belonging to the 'early 162 exposure' stage and the latter three blocks are part of 'late exposure' stage. Three additional 163 blocks of trials without the visual rotation then followed, in order to examine aftereffects 164 ('washout' stage). The whole process described above (i.e., 12 blocks) was then repeated 165 another three times ( Figure 1C ). In total, each subject performed 4 x 12 x 8 = 384 voluntary consecutive blocks of trials (e.g., see Figure 2 ). 168
In addition to the voluntary movement trials above, probe trials were randomly interleaved within 169 specific blocks of the visuomotor learning task: at the latter two blocks of 'baseline' and the initial 170 two blocks of 'early exposure', 'late exposure' and 'washout' stages (tick symbols in Figure 1C ). 171
These specific blocks were chosen in order to focus on responses early in each adaptation 172 stage ('early exposure' and 'washout'), in combination with maximizing the distinguishability 173 across the different stages. The four different types of probe trials that occurred within a block of 174 Experiment 1 are shown in Figure 1D . As with the non-probe trials, the subjects initiated a probe 175 trial by placing the cursor within the start circle and waiting there for 1 sec + a random time 176 (chosen from the interval 1-500 msec). Then, either the north visual target ('+Y') or south target 177 ('-Y') was suddenly cued (highlighted red, filled circle). After a fixed time of 950 msec + a 178 random time (from the interval 1-300 msec), a position-controlled perturbation of the subjects 179 hand occurred in either the +Y or -Y direction (3.5 cm displacement, 150 msec rise time and 50 180 msec hold). Note that the haptic perturbation occurred before the 'Go' signal was shown. That is, 181 the perturbation was applied before any muscle activity associated with voluntary movement. 182
The perturbation itself was designed to induce the kinematics of a fast naturalistic point-to-point 183 movement (i.e., bell-shaped velocity profile), and the robot was allowed to employ maximum 184 available stiffness (~40,000 N/m) -if necessary-to achieve the desired kinematics. The KINARM 185 robot was able to impose the required hand kinematics of these perturbations reliably across the 186 different stages of the main task (e.g., see Figure 3 ). 187
Because the four probe trials were randomly interleaved among the eight non-probe trials within 188 a block, the occurrence, timing and direction of any perturbation was unknown to the subjects, 189 even after a target was cued. The subjects had to resist any such postural perturbation because, 190 as mentioned above, they were instructed to remain immobile inside the central start circle until 191 was removed; force ramp-down time of 20 msec), the subjects swiftly returned their hand to the 193 start circle. After a fixed time of 0.5 sec + a random time (from the interval 1-500 msec), the 'Go' 194 signal was given and the subject then moved to the target. The trial ended when the subjects 195 kept their hand immobile inside the target until they received visual feedback ("correct" or "too 196 slow"), as per the non-probe trials. After receiving feedback, the subjects returned to the start-197 point to initiate the next trial, which may or may not have been another probe trial. The total 198 number of probe trials experienced by a single subject was 4 x 8 blocks x 4 trial types = 128 199 probe trials. That is, a total of 8 repetitions per probe trial type was obtained, per task stage 200 ( Figure 1CD ). The subjects therefore performed 384 (non-probe trials) + 128 (probe trials) = 512 201 trials in total. The whole experimental session lasted ~1.5 hours. 202
Experiment 2: A second experiment examined whether the application of interleaved mechanical 203 loads during the kinematic learning task allows for the observation of flexible task-dependent 204 responses even at monosynaptic latencies (commonly used experimental manipulation for this 205 purpose). Experiment 2 was the same as Experiment 1, except that mechanical loading 206 preceded the cuing of targets in probe trials alone ( Figure 1E ). Specifically, each probe trial 207 begun by placing the cursor within the start circle, and waiting there for 1 sec + a random time 208 (i.e., random choice from the interval 1-500 msec). A mechanical load (6 N) in either the +Y 209 direction (flexor load) or -Y direction (extensor load) was then gradually applied by the handle on 210 the subject's hand (a slow continuous rise-time of 2 sec). Again, the subjects countered the load 211 and maintained the hand inside the central start circle, because they were instructed to remain 212 immobile there until the 'Go' signal was shown. When the load reached 6 N and the hand was 213 immobile inside the start circle, the corresponding +Y or -Y visual target was cued (i.e., the 214 target located along the direction of the load; Figure 1E ). After a fixed time of 950 msec + a 215 random time (from the interval 1-300 msec), a position-controlled perturbation of the subjects 216 hand occurred in either the +Y or -Y direction. That is, the process continued exactly as in was given. The presentation of the trials was blocked-randomized, and therefore the direction 219 (and timing) of the postural perturbations was unknown to the subjects, even after a target was 220 visually cued. 221
Electromyography 222
In all experiments, the Delsys Bagnoli (DE-2.1-Single Differential Electrodes) system was used 223 to record surface EMG from six muscles actuating the right upper limb: brachioradialis, biceps-224 brachii, triceps lateralis, triceps longus, the posterior deltoid and the anterior deltoid. That is, 225 three upper limb flexors and three extensors were targeted. The skin was first rubbed with 226 alcohol. The electrodes were then coated with conductive gel and attached to the skin using 227 double-sided tape. A single ground electrode was placed on the back of the neck. 228
Data sampling & assembly 229
The data was assembled using Matlab R2013a. Kinematic and force data from the KINARM 230 were sampled at 1 KHz. The recorded EMG signals were band-pass filtered online through the 231 EMG system (20-450Hz) and sampled at 2 kHz. The EMG data was also high-pass filtered with 232 a fifth-order, zero phase-lag Butterworth filter with a 30 Hz cutoff and then rectified. With regard 233 to EMG, only data from probe trials were analyzed in the current study. To be able to compare 234 and combine EMG data across muscles and subjects, each subject's EMG data were 235 normalized (z-transformed), similar to the procedure described elsewhere (Dimitriou, 2014; 236 Dimitriou, Franklin, & Wolpert, 2012). Briefly, for each subject and muscle, all EMG signals 237 pertaining to probe trials (N=128) were concatenated, and a grand mean and standard deviation 238 was generated. These two numbers were then used to produce the normalized raw EMG data 239 for each muscle of the subject (i.e., subtracting the grand mean and then dividing by the 240 standard deviation). In addition to presenting and analyzing such data from individual muscles 241 (e.g., Figure 3 , left column), normalized EMG data across the recorded flexors (brachioradialis, deltoid) were collapsed (averaged) separately for each muscle group and subject. This produced 244 one unified signal of 'flexor' and one for 'extensor' activity for each subject, which could then 245 also be directly contrasted with the recorded endpoint forces applied on the robotic handle. To 246 study stretch reflex responses to perturbations, the analyses focused on established time-247 periods, known to reflect spinal (monosynaptic) and transcortical stretch reflex loops (e.g., 248
Hammond, 1956; Pruszynski et al., 2009; Scott, 2012; Scott et al., 2015) . Specifically, using the 249 onset of the kinematic perturbation to signify time zero, these periods were defined as the short-250 latency spinal 'R1' response (20 -45 ms), and the long-latency 'R2' (50 -75 ms) and 'R3' 251 response (75 -100 ms). A 50 ms interval (-50 -0 ms) was chosen to represent pre-perturbation 252 muscle activity ('R0'), as defined elsewhere (e.g., Cluff & Scott, 2013) . Voluntary EMG 253 responses were considered to occur >120 ms following the onset of the kinematic perturbation 254 (e.g., Pruszynski, Kurtzer, & Scott, 2008) . 255
The force sensor embedded in the KINARM handle produced a signal reflecting the force 256 applied by the hand in the principle axis of action during the postural perturbations (i.e., force 257 along the Y axis), as well as a signal representing force applied in the X axis. Although stronger 258 forces were expected along the Y axis, the imposed perturbations at the hand were expected to 259 provoke reactive forces along the X axis as well (given the involuntary reflex action of the 260 stretched muscles, coupled with the subjects' initial posture; Figure 1A ). Therefore both X and Y 261 force channels were examined in the current study. The relevant analyses concentrated on a 262 time period thought to correspond only to rapid (reflexively-produced) forces. Specifically, a 263 minimum electromechanical delay of 30 ms is assumed between muscle electrical activity and 264 actual force production (Ito, Murano, & Gomi, 2004) . That is, the force equivalent of the 'R1', 'R2' 265 and 'R3' reflex EMG responses are taken to be the "RF1" period (75-100 msec), "RF2" (100-125 266 msec) and "RF3" (125-150 msec), respectively. Accordingly, "RF0" was defined as force 267 occurring in the period 0 -30 msec. Direct contrast of reflexive EMG and force data indicate differences in statistical results obtained using force vs. EMG data are can be due to well-known 270 differing levels of sensitivity and background noise in these recorded channels, or simply that 271 actively-produced endpoint forces represent all involved antagonistic muscles. 272
The examination of probe/perturbation trials focused on analyzing EMG and force signals. 273
However, in order to associate such data with the subject's performance on the main learning 274 task, the Initial Direction Error (IDE) was calculated using kinematic data from each voluntary 275 movement (non-probe trials). As commonly defined, IDE represents the angular difference 276 between the direction the hand was moving (calculated at initial peak velocity in each 277 movement) and the direction subjects should have been moving to, given the target location. An 278 IDE value was therefore produced for each trial of the main visuomotor learning task (i.e., non-279 probe trials). A common approach to examine kinematic learning progression involves fitting an 280 exponential curve to the sequence of the generated IDEs to extract the error decay constant 281 ('learning rate'). In the current study, the calculated IDEs of each subject (N=384) were aligned 282 and averaged across subjects, so that one mean IDE sequence was produced for the entirety of 283 the task, separately for each experiment (Figure 2 ). Exponential curves were fitted separately to 284 parts of the above sequence which corresponded to different task stages of each repetition (N=4 285 repetitions). In order to examine individual differences in the relationship between learning rate 286 and reflex behavior, the calculated IDE's for each movement were also used to obtain a single 287 value representing learning rate (error decay constant) for each subject at 'early exposure' and 288 'washout'. That is, separately for each of these two stages, the IDEs of a single subject were 289 aligned and then averaged (i.e., mean across four IDE sequences for each stage, corresponding 290 to the N=4 repetitions of the task). The above produced two independent sequences of IDE's 291 (each N=24 data-points) for each subject. Exponential fit on each sequence then produced a 292 single learning rate for each subject for 'early exposure' and 'washout'. The calculated IDEs and 293 associated learning rates were the only pieces of information from non-probe trials that were 294 used for statistical analyses. 295
Statistical Analyses

296
Overall, most statistical analyses in the current study were performed on data that have had the 297 equivalent 'baseline' state values subtracted, at the level of single subjects. This approach acted 298 to both simplify the analyses and neutralize known main effects of experimental manipulations 299 that have been previously applied outside the context of visuomotor learning (e.g., Marsden et 300 al., 1976; Pruszynski et al., 2009; Pruszynski et al., 2008) . Note, however, that plots of non-301 subtracted data (including 'baseline') are also presented throughout and the aforementioned 302 effects are clearly reconstructed in the displayed data (e.g., see Figure 3 ). For statistical 303 analyses involving EMG or force signals alone, only data across the well-known 304 reflex/involuntary response periods were used (as described in the previous section). The 305 relevant data used for each subject were averages across repetitions of a relevant trial type and 306 across the time period in question. That is, a single data-point per subject, task stage, trial type 307 and time period was ultimately generated for analysis purposes. The same general 3 x 2 x 4 308 repeated-measures ANOVA design was employed in order to analyze stretch reflex responses 309 (as one would expect, these analyses only involved EMG data from stretching muscles). 310 Specifically, in both experiments, a main factor in the repeated-measures ANOVA was task 311 state, which had 3 levels: 'early exposure' vs. 'late exposure' vs. 'washout' (these values have 312 had the equivalent 'baseline' value subtracted at the level of single subjects). Another main 313 factor was the binary direction of the applied load and/or cued target ( Figure 1DE ), and the last 314 factor was time period (4 levels: 'R0', 'R1', 'R2', 'R3' for EMG; or 'RF0', 'RF1', 'RF2', 'RF3' for 315 force). If a significant main effect was found, Tukey's HSD (honest significant difference) post 316 hoc test was used, which takes into account multiple paired comparisons. As mentioned above, 317 the force and EMG signals used in the ANOVA tests have had the equivalent 'baseline' values 318 subtracted at the level of single subjects. Many of the results are therefore plotted relative to this 319 nullifying baseline (e.g., Figure 4AB ). Additional single-sample t-tests determined whether reflex 320 responses at the subsequent stages of the visuomotor task significantly differed from those 321 observed during 'baseline' (i.e., tested for significant difference from '0'). Statistical significance 322 was considered at the p<0.05 level for all statistical tests. Correlations were also performed to 323 examine relationships between individual learning rates (non-probe trials) and the magnitude of 324 reflex EMG responses (probe trials). 325
Results
326
The progression of movement errors in the visuomotor learning task (i.e., non-probe trials) of 327
both Experiment 1 and 2 shows that subjects produced stereotypical adaptation behaviors 328 subject signals in response to hand perturbations in Experiment 1 suggests that R3 EMG 333 responses in the 'early exposure' state were higher than those observed in either 'baseline' or 334 'washout' (Figure 3 ). To statistically assess the above, a 3 (task state) x 2 (cued target direction) 335
x 4 (time period: R0, R1, R2, R3) ANOVA was performed using flexor EMG. There was no main 336 effect of cued target or time period (p>0.05). There was a significant main effect of task state on 337 the magnitude of the flexor EMG responses (F(2,28)=4.63, p=0.018, p 2 =0.25) and a significant 338 interaction effect between time period and task state (F(6,84)=4.49, p=0.0006, p 2 =0.24). 339
Tukey's post hoc test indicated that flexor EMG in the R3 period of 'early exposure' was 340 significantly larger in magnitude than all other periods, including the corresponding R3 periods of 341 'late exposure' and 'washout', with p=0.0021 and p=0.00012, respectively. In addition, single-342 sample t-tests using flexor EMG at R3 revealed significantly larger values than the 'baseline' addition to significantly larger forces -than baseline-in the 'early exposure' stage ( Figure 4B) , 350 there were also significantly lower reflexive forces in the 'washout' state ('X' axis) for 'congruent' 351 perturbations towards the torso ( Figure 4B , right panel), with t(14)=3.28, p=0.006. Overall, 352 consistent patterns emerged across flexor and extensor muscles, representing an upregulation 353 of long-latency responses in 'early exposure' and an inhibition in the 'washout' state ( Figure 4B) . 354
As Figure 4C shows, a positive relationship was found between individual learning rates at 'early 355 exposure' and R3 flexor EMG, but no relationship between learning rate and pre-perturbation 356 EMG levels ('R0'). No equivalent relationship was found for extensor EMG. Interestingly, there 357 was a significant relationship between individual learning rates in 'washout' and shortening 358 extensor EMG at R3 ( Figure 4D ). 359 Figure 5 shows the brachioradialis EMG responses of two subjects when the hand was 360 perturbed in Experiment 2: despite the direction of the imposed constant load and the location of 361 the cued target, there are clear differences in monosynaptic EMG responses to the haptic 362 perturbation as a function of visuomotor adaptation state. Most striking is the inhibition of 363 monosynaptic R1 responses in the 'washout' state relative to 'baseline'. Similar plots across all 364 subjects revealed that this inhibition was clearly present in ~50% of subjects (the individual 365 variability is addressed and accounted for below; i.e., Figure 7C ). In addition, most subjects 366 appeared to exhibit a consistent inhibition of their R3 response during 'washout' ( Figure 6 ). An 367 ANOVA test of the same design as in Experiment 1 (i.e., 3 x 2 x 4) indicated a main effect of Tukey's test showed that responses during 'early exposure' were significantly larger than those 370 in 'late exposure' and 'washout', with p=0.01 and p=0.0023, respectively. There was also an 371 interaction effect between time period and task state (F(6,84)=2.84, p=0.014, p 2 =0.19). Post 372 hoc analysis revealed no significant differences in pre-perturbation ('R0') brachioradialis EMG 373 across the task stages, but R3 responses in 'late exposure' and 'washout' were relatively smaller 374 than all other cases (all p<0.002). In addition, the R2 response during 'early exposure' was 375 significantly higher than that the R2 response during 'washout' (p=0.004). Single-sample t-tests 376 produced complimentary findings ( Figure 7A ). In addition to significantly lower R3 EMG in 'late 377 exposure' and 'washout', the monosynaptic R1 responses of the brachioradialis were also 378 significantly smaller in 'washout' than baseline, regardless of the direction of the imposed load 379 and cued target (p=0.043 and p=0.042: left vs. right panel; Figure 7A ). Only the 'congruent' R2 380 responses during 'early' exposure' significantly differed from baseline (p=0.029). 381
As mentioned above, the inhibition in R1 responses during 'washout' (e.g., Figure 5 ) was clearly 382 present in ~50% of subjects; i.e., see 'X' axes in Figure 7B , second panel from left. However, 383 across all subjects, I found a strong negative relationship between individual learning rates 384 during 'washout' and corresponding R1 responses from the brachioradialis ( Figure 7C , left), with 385 r=-0.75 and p=0.0013. The same relationship was found for the aggregated 'flexor' EMG signal, 386 with r=-0.65 and p=0.009 ( Figure 7B , rightmost panel). That is, learning rates could account for 387 the reflex behavior across all subjects, those that exhibited reflex inhibition and those that did 388 not. Correlating the same learning rates with pre-perturbation activity (R0) of either the 389 brachioradialis or across flexors indicated no relationship ( Figure 7B ). There was also no 390 significant relationship between the same learning rates in 'washout' and corresponding flexor 391 EMG responses in R2 (r=-0.28, p=0.31) or R3 periods (r=0.17, p=0.54). task state on reflexive 'flexor' EMG responses (F(2,28)=8.68, p=0.0011, p 2 =0.38). Tukey's test 395 showed that responses during 'early exposure' were significantly larger than those in 'late 396 exposure' and 'washout', with p=0.006 and p=0.002, respectively. There was also an interaction 397 effect between time period and task state (F(6,84)=4.37, p=0.0007, p 2 =0.24). Post hoc analysis 398 revealed no significant differences in pre-perturbation ('R0') 'flexor 'EMG across the task stages, 399 but R3 responses in 'late exposure' and 'washout' were relatively smaller than all other cases (all 400 p<0.0001). Single-sample t-tests produced largely complimentary findings ( Figure 8A ), such as 401 significantly lower R3 EMG than 'baseline' (i.e., than '0') in 'late exposure' and 'washout'. The 402 decrease in R1 response during 'washout' (as observed for the brachioradialis, Figure 7A ) was 403 not deemed significant in this case. Instead, a near-significant increase in R1 EMG responses 404 was observed in 'early exposure' (p=0.06; Figure 8A , left panel). When the same test was 405 applied using the equivalent reflexively-produced force along the 'X' axis ('RF1'), this deviation 406 did reach statistical significance, with t(14)=2.18, p=0.045 ( Figure 8B , left panel). Note that the 407 majority of the recorded muscles were proximal ones (except brachioradialis), therefore the 408 produced endpoint forces are expected to represent more closely the 'aggregated' EMG signals. 409
There was also significantly smaller 'RF3' force in 'washout' compared to 'baseline', in response 410 to 'incongruent perturbations', with t(14)=-2.37, p=0.033 ( Figure 8B , right panel). Same ANOVA 411 design as above, produced a significant interaction effect between time period and task state on 412 reflexive force along the 'X' axis (F(6,84)=2.77, p=0.0165, p 2 =0.17), and an interaction effect 413 between period, task state and perturbation congruence (F(6,84)=2.57, p=0.024, p 2 =0.16). 414
Post hoc analysis revealed no significant differences in pre-perturbation force ('RF0') across the 415 task stages, in either type of perturbation. As a contrast between the two panels of Figure 8  416 suggests, post hoc analyses indicated that relative increases of reflexive force ('X' axis) in 'early 417 exposure' primarily involved responses to 'congruent' perturbations, and the largest decrease in 418 'RF3' was at the 'washout' state for 'incongruent' perturbations.
the torso, revealed no significant effects relating to task state. However, an equivalent analysis 421 of 'Y' force produced as a result of perturbations towards the torso did reveal some clear 422 differences ( Figure 9 ). Specifically, ANOVA showed a main effect of task state on force along 423 the 'Y' axis, with F(2,28)=3.8, p=0.034, p 2 =0.21. Tukey's test showed that responses during 424 'early exposure' were significantly larger than those in 'washout', with p=0.04. There was also an 425 interaction effect between time period and task state (F(6,84)=2.74, p=0.017, p 2 =0.16). Post 426 hoc analysis revealed no significant differences in 'RF0' force across the task stages, but most 427 significant differences involved a relative decrease of reflexively-produced forces during 428 'washout'. Single-sample t-tests produced complimentary findings. As Figure 9 shows, a 429 consistent effect involves a decrease in responses during the 'washout' state, but reaching 430 significance only in the 'long-latency' periods 'RF2' and 'RF3'. 431
Discussion
432
The current study examined the modulation of stretch reflex responses to position perturbations 433 of the hand, given recent evidence of task-dependency in proprioceptive afferent signals during 434 movement in visuomotor learning (Dimitriou, 2016). Here, subjects performed a classic 435 visuomotor rotation task by making center-out reaching movements with their right hand. On 436 randomly interleaved probe trials within the different stages of this learning task, the position of 437 the hand was unpredictably perturbed during the movement preparation stage (i.e., while 438 subjects were waiting for a 'Go' signal to move). In addition to any upregulation of stretch reflex 439 responses, it was expected that feedback gains should also exhibit a task-dependent inhibition 440 at certain stages, independent of the muscle's contractile state pre-perturbation. Such behavior 441 was expected to occur at monosynaptic ('R1') latencies as well. The current study also allowed 442 for an examination of individual differences in the relationship between reflex gain modulation 443 (probe trials) and motor learning performance (non-probe trials). To summarize, it appears that motor learning can indeed involve inhibition of reflex responses, and the monosynaptic reflex 445 output ('R1') can also be affected by higher-level aspects of a sensorimotor task (e.g., Figures 5-446 8). For more distal muscles (brachioradialis), a close relationship was also found between R1 447 reflex gains and individual learning rates. All haptic perturbations in the current study were 448 applied when the subjects were completely immobile and waiting for the 'Go' signal in order to 449 initiate movement. Therefore, as evidenced by the recorded EMG and kinematics in the pre-450 perturbation period ('R0'; e.g., Figures 3, 5 & 6) , the position of the hand was perturbed before 451 any transition to movement was either cued, generated or even desired. It is known that when 452 faced with novel dynamics, the nervous system 'loads' task-relevant feedback controllers 453 already at the movement preparation stage It has been suggested that uncertainty in the state of the body, such as that arising through 462 interaction with a novel environment, leads to an upregulation of feedback gains which in turn 463 allow the system to minimize movement error or disturbances while the feedforward controller 464 adapts to the new state of affairs. This kind of upregulation in feedback gains was also found in 465 the current study, when subjects were initially exposed to the visual distortion i.e., during the 466 'early exposure' stage (e.g., Figures 4, 7 & 8 ). However, as mentioned above, a decrease in 467 feedback gains was consistently found in the 'washout' stage. Simply reversing the assumption 468 for the purpose of upregulation in feedback gains, leads one to assume that more disturbance or 469 movement error (i.e., variability) is actively promoted by the system during the 'washout' state, Figures 4 & 7) . Possibly, the reason lies with the task-relevance of the sensory inflow itself. That 476 is, in the 'washout' stage, the proprioceptive afferent feedback is directly reflective of the task- In Experiment 2, pre-loading of muscles brought about an expected overall increase in gain (i.e., 498 R1 responses appeared consistently across task stages, including 'baseline'; e.g., Figure 5 -6), 499 which in turn allowed differences in R1 to be detected across the different visuomotor task 500 stages. Even though task-dependent differences occurred only when the subjects also faced an 501 external mechanical load, the perturbed muscle's state was kept the same throughout all probe 502 trials, in order to isolate any effect of task state/stage on reflex gains. In other words, the task-503 dependent effects across task stages were not due to the state of the muscle itself. An inhibition 504 of R1 responses was only found in more distal muscles (brachioradialis), whereas more proximal 505 muscles represented a relative increase in R1. This difference likely reflects alternate 506 descending innervation. That is, it is well known that distal (e.g., forearm) skeletal muscles of the 507 primate are also innervated with more direct connections from the cortex. This includes 508 monosynaptic excitatory and di-synaptic inhibitory connections upon fusimotor neurons 509 controlling muscle spindle output (Clough, Phillips, & Sheridan, 1971). This may have affected 510 the R1 output of distal muscles, which was also the one more closely related to individual 511 learning rates in the visuomotor task ( Figure 7B ). 512
Interestingly, motor learning performance (i.e., adaptation rate) in Experiment 2 could account 513 for the modulation of R1 feedback gains across all subjects: those which displayed a modulation 514 (inhibition) of the monosynaptic reflex and those that did not (r=-0.75, p=0.0013; Figure 7B ). It is 515 therefore not surprising that the overall inhibitory effect of the 'washout' state on reflex EMG 516 output was marginally statistically significant across all subjects. Inspecting the R1 responses of 517 each subject during 'washout' (i.e., X axes in Figure 7B , second panel from the left), reveals a 518 substantial decrease in monosynaptic reflex gain for the subjects displaying relatively worse 519 motor learning performance. This does not necessarily imply that weaker segmental gains lead 520 to worse motor learning performance. As mentioned above, weaker reflexes can be beneficial 521 (Wu et al., 2014) allowing for more 'exploration' along task-relevant dimensions. The inhibition of proprioceptor tuning through independent fusimotor control (Dimitriou, 2016), helping to maintain 524 a certain level of performance. Indeed, as normally the case, learning performance in this study 525 was universally better in 'washout' than the 'early exposure' stage (e.g., Figure 4C A link between segmental reflex modulation and individual motor learning performance occurred 539 only when the former was measured in 'congruent' probe trials: perturbations whose direction 540 was congruent with the direction of the visually cued target. No relationship was found when the 541 same learning rates where correlated with reflex gains measured during 'incongruent' 542 perturbations (i.e., the hand was perturbed in the direction opposite to the cued target). The 543 presence of a relationship between segmental reflex gains and performance in congruent trials 544 may simply reflect the ecologically validity of this particular kind of probe trial. In everyday life, 545
we normally identify the location of a desired visual target and then reach towards. That is, the 546 direction of the movement is congruent with the direction of the identified target. Our nervous 547 system may purposefully and habitually allow segmental feedback gains to modulate according 548 Figure 3B ) and elsewhere (Pruszynski et al., 2008) , perturbing the limb in a direction away from 550 the highlighted target leads to a universal increase in feedback gains, a process that may largely 551 override any effects of motor adaptation rate. However, once this general effect was nullified by 552 subtracting the response magnitude observed at the 'baseline' state, a further effect was 553 revealed: incongruence lead to a relative decrease in feedback responses, with the biggest 554 difference seen in the 'late exposure' stage (see e.g., Figure 4B , top left). 555
To summarize, the current results demonstrate that the system's 'control policy' in motor 556 adaptation can include a state-dependent inhibition of stretch reflexes, in addition to any 557 upregulation of feedback gains. Moreover, the current study shows that aspects of this policy 558 can affect the output of monosynaptic feedback circuits. For more distal muscles 559 (brachioradialis), there was a task-dependent inhibition of the monosynaptic reflex response, 560 and the R1 gains across all subjects reflected individual visuomotor learning performance. Task-561 dependent modulation of R1 responses points to a form of state-dependent decentralized 562 control that can tune spinal circuits according to task-level dimensions. It has been generally 563 assumed that segmental control of posture is unaffected by the system's control policy, 564 suggesting that compensation for this 'unruly' output might even be warranted. The current 565 results lead to the conclusion that a certain degree of flexible tuning is possible at the spinal 566 level. In other words, the system's policy of how to perform a motor action can apparently extend 567 to segmental circuits flexibly (i.e., within the timeframe of a single experimental session) and 568 may well include a plan for independent and task-specific modulation of fusimotor neurons 569 affecting muscle afferents. the one-way mirror that also prevented view of the right limb. The instantaneous position of the 638 hand was represented by a small moving dot ('cursor'). The subjects were required guide the 639 cursor in a straight line towards visual targets by making discrete center-out movements. On 640 each trial of this main task, a target would be visually cued (highlighted red) but subjects were 641 instructed to remain in the central start position until a 'Go' signal was given (red highlighted 642 target turned green). (B) Subjects performed the center-out movements with or without trials of the main task required movement to each of the 8 possible targets (blocked-randomized 645 presentation). The visual rotation was suddenly introduced after 3 initial blocks, remained for 646 another 6 blocks, and was removed for the following 3 blocks ('washout' stage, blue). The whole 647 process was repeated 4 times. Additional 'probe' trials were randomly interleaved within specific 648 blocks (tick marks in C) in order to assess the gain (i.e., output magnitude given the same input) 649 of stretch reflexes at the different stages of the main task. (D) In Experiment 1, the hand was 650 unpredictably perturbed either in the same or opposite direction of a cued visual target, before 651 the 'Go' signal was given (i.e., postural perturbations). Because the subjects were instructed to 652 keep their hand inside the start point until the 'Go' signal, they had to resist all hand 653 perturbations (E) Experiment 2 was the same as Experiment 1, except that a slowly-rising 6N 654 load was applied in the direction of the subsequently cued target (probe trials only). Throughout, 655 both the onset (timing) and direction of the haptic position perturbations were unpredictable. 656 Figure 2 . Visuomotor adaptation across subjects. To quantify adaptation rate (i.e., learning rate), 657
Initial Directional Error (IDE) values were calculated for each non-probe trial. As commonly 658 defined, IDE represents the angular difference between the direction the hand was moving 659 (calculated at initial peak velocity in each movement) and the direction subjects should have 660 been moving to, given the target location. An IDE value was therefore produced for each 661 voluntary movement of the main visuomotor learning task in each experiment. Here, the colored 662 traces represent the mean IDE across subjects in Experiment 1 and Experiment 2. Shaded 663 colored areas indicate ±1 SEM. The same color scheme is used as in Figure 1 . Despite 664 repeated application and removal of the visuomotor rotation (i.e., 4 repetitions of the main 665 process; Figure 1C EMG responses of both subjects as a function of task stage. This is true even for responses 716 attributed to monosynaptic (spinal) reflex circuits ('R1'). The most striking difference is the 717 apparent inhibition of the R1 response during the 'washout' stage relative to 'baseline' (blue vs. 718 gray). The above effect appeared despite that the task demanded of subjects to resist all perturbation. Overall, the plots suggest that inhibition of the R1 response during 'washout' was 724 strong in some subjects (e.g., Figure 5 ) but not others (i.e., 'X' axes in Figure 7C indicate that 725 ~50% of all subjects exhibited inhibition of R1; the variability across subjects is also addressed 726 in Figure 7C ). A much more consistent inhibition of the R3 response was evident across subjects 727 during 'washout', particularly in response to incongruent perturbations ('B'). Error bars are 728 omitted for visual clarity but variances across subjects are tested statistically and also displayed 729 in Figure 7 . 730 individual responses at the 'baseline' stage of the visuomotor task). Overall, single-sample t-737 tests indicated significant decrease in R3 magnitude both in the 'washout' (blue) and 'late 738 exposure' periods (orange), but only in the 'washout' phase was there a significant inhibition in 739 monosynaptic R1 responses. (B) Here, each dot represents data from a single subject (N=15). 740
There was a significant relationship between individual learning rates in 'washout' and 741 brachioradialis EMG at R1, observed in response to congruent perturbations in this stage. There 742 was no significant relationship between the same learning rates and EMG levels at R0 (leftmost 743 panel). Note that the subjects showing the greater inhibition in R1 (and worst learning forces is observed in the 'congruent' case (left), as in Figure 8B , but here statistical significance 760 was not reached. However, consistent and significant decreases of 'long-latency' reflexive forces 761 are observed in the 'washout' state, regardless of perturbation congruence and immediate task 762 goal i.e., to resist the perturbation (**= p<0.01, *= p<0.05). The instantaneous position of the hand was represented by a small moving dot ('cursor'). The subjects were required guide the cursor in a straight line towards visual targets by making discrete center-out movements. On each trial of this main task, a target would be visually cued (highlighted red) but subjects were instructed to remain in the central start position until a 'Go' signal was given (red highlighted target turned green). (B) Subjects performed the center-out movements with or without experiencing a 45° counter-clockwise rotation of the direction of the cursor. (C) Each block of trials of the main task required movement to each of the 8 possible targets (blocked-randomized presentation). The visual rotation was suddenly introduced after 3 initial blocks, remained for another 6 blocks, and was removed for the following 3 blocks ('washout' stage, blue). The whole process was repeated 4 times.
Additional 'probe' trials were randomly interleaved within specific blocks (tick marks in C) in order to assess the gain (i.e., output magnitude given the same input) of stretch reflexes at the different stages of the main task. (D) In Experiment 1, the hand was unpredictably perturbed either in the same or opposite direction of a cued visual target, before the 'Go' signal was given (i.e., postural perturbations). Because the subjects were instructed to keep their hand inside the start point until the 'Go' signal, they had to resist all hand perturbations (E) Experiment 2 was the same as Experiment 1, except that a slowly-rising 6N load was applied in the direction of the subsequently cued target (probe trials only). Throughout, both the onset (timing) and direction of the haptic position perturbations were unpredictable. values were calculated for each non-probe trial. As commonly defined, IDE represents the angular difference between the direction the hand was moving (calculated at initial peak velocity in each movement) and the direction subjects should have been moving to, given the target location. An IDE value was therefore produced for each voluntary movement of the main visuomotor was either congruent (left column) or incongruent (right column; see schematics). Time '0' represents the onset of the imposed kinematic perturbation. Despite virtually identical kinematics overall and same pre-perturbation EMG levels across task stages ('R0' period), there are clear differences in reflex EMG responses of both subjects as a function of task stage. This is true even for responses attributed to monosynaptic (spinal) reflex circuits ('R1'). The most striking difference is the apparent inhibition of the R1 response during the 'washout' stage relative to 'baseline' (blue vs. gray). The above effect appeared despite that the task demanded of subjects to resist all perturbations equally across all task stages (i.e., subjects were instructed to remain immobile at the start point regardless, until the 'Go' visual signal was shown).
FIGURE 6
Early exposure Figure 5 , but here the traces represent means across all subjects (N=15). Time '0' represents the onset of the imposed perturbation. Overall, the plots suggest that inhibition of the R1 response during 'washout' was strong in some subjects (e.g., Figure 5 ) but not others (i.e., 'X' axes in Figure 7C indicate that ~50% of all subjects exhibited inhibition of R1; the variability across subjects is also addressed in Figure 7C ). A much more consistent inhibition of the R3 response was evident across subjects during 'washout', particularly in response to incongruent perturbations ('B'). Error bars are omitted for visual clarity but variances across subjects are tested statistically and also displayed in Figure 4 , the data is presented with reference to the individual 'baseline' responses (i.e., individual responses at the 'baseline' stage of the visuomotor task). Overall, single-sample ttests indicated significant decrease in R3 magnitude both in the 'washout' (blue) and 'late exposure' periods (orange), but only in the 'washout' phase was there a significant inhibition in monosynaptic R1 responses. (B) Here, each dot represents data from a single subject (N=15). There was a significant relationship between individual learning rates in 'washout' and brachioradialis EMG at R1, observed in response to congruent perturbations in this stage. There was no significant relationship between the same learning rates and EMG levels at R0 (leftmost panel). Note that the subjects showing the greater inhibition in R1 (and worst learning performance) were not the ones with weaker responses than baseline in R0. This further validates the inhibitory R1 effect in 'A' (top left panel) as a task-dependent phenomenon. Equivalent relationships were found when the aggregated flexor EMG signal was used instead of the brachioradialis (right panels). There were no significant relationships between these learning rates and R2 or R3 responses of the brachioradialis or the aggregated flexor signal (**= p<0.01, *= p<0.05). Figure 8B , but here statistical significance was not reached. However, consistent and significant decreases of 'long-latency' reflexive forces are observed in the 'washout' state, regardless of perturbation congruence and immediate task goal i.e., to resist the perturbation (**= p<0.01, *= p<0.05).
